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FeSb2 hosts higher known values of thermopower in nature. By changing the amount of defects
in different FeSb2 crystals here we show that thermopower maxima change between relatively small
14 µV/K and colossal values of about 20 mV/K. Defects also cause rather weak but important
monoclinic distortion of the crystal structure Pnnm→Pm. Whereas defects of both Fe and Sb
atoms are observed, Sb-defficiency at Sb11 sites of Pm space group is significant, revealing the
source of the in-gap states that govern thermopower size. The broad distribution of the in-gap states
of Fe orbital character gives rise to thermopower consistent with the electronic diffusion mechanism
but only a well-defined in-gap state drives the colossal enhancement above the electronic difusion
limit. The absence of Sb along [010] promotes stronger quasi 1D Fe d orbital overlap, which induces
more anisotropy in the electronic structure and triggers the quasi-1D conductivity in optics and
electricity.
Thermoelectric materials exploit thermoelectric effect
where temperature difference is converted into elec-
tric power and vice versa [1, 2]. Progress in cryo-
thermoelectric materials discovery has been much slower
when compared to materials used above the room tem-
perature [3–5]. This is because at low temperature ad-
ditional complexity arises since electronic correlations
cannot be neglected [6–8]. Also, in the figure of merit
ZT = S2σT/κ where T is temperature, S is thermopower
and σ (κ) are electrical (thermal) conductivities, cryo-
genic temperature T is inevitably small [2]. Therefore, a
cryo-thermoelectric material must maximize its thermo-
electric power factor (S2σ) where thermopower provides
considerable contribution.
The iron diantimonide FeSb2 is a narrow-gap semi-
conductor that features colossal thermopower and ther-
moelectric power factor at cryogenic temperatures [9–
12]. It has been proposed that colossal thermopower
in FeSb2 is of electronic origin [13, 14]. Consequently
multiband electronic correlation are important for the
enhancement of the diffusion thermopower up to about
∼ 1 mV/K, much higher than expected from the Mott
formula S = −[ (πkB)
2
3e ]T (∂lnσ/∂E)EF where values of
the order of 10 µV/K are commonly observed [15, 16].
Recently it has been argued that enhancement above the
diffusion limit into values of the order of ∼ 10 mV/K is
due to phonon drag [16, 17]. Although the importance of
the in-gap states to the thermopower was recognized, the
origin of the in-gap states and the role it takes in deter-
mining the thermopower remain controversial [16, 18].
The possible origin from the impurities in the Fe and
Sb metals was studied and the electrical transport be-
low 40 K shows sensitivity to even ppm-level impurities
[19]. While the sample-dependence electrical resistivity
was explained, the effect of these impurities to the large
Seebeck coefficient and the origin of the quasi-1D con-
ductivity in optics and electrical transport were not well
understood [9, 20].
Whereas atomic defects have been extensively used
to enhance high-temperature thermoelectric performance
by lowering phonon thermal conductivity in the figure
of merit [21, 22], tiny amount of defects are not ex-
pected to distort crystal structure and dramatically tune
thermopower values [19]. In this work we show that in
correlated electron thermoelectric FeSb2, colossal ther-
mopower arises from Sb vacancy-induced changes in the
crystal structure and associated in-gap states through the
phonon-drag effect[23]. Moreover, our results indicate
that thermopower and the quasi-1D behavior in conduc-
tivity are tunable by Sb defects.
Figure 1(a-b) presents electronic and thermal trans-
port difference among eight crystals of FeSb2 grown un-
der somewhat different conditions [24] . Crystals S7 and
S8 have about 1-2 order of magnitude higher electrical re-
sistivity when compared to crystals S1-S3 in temperature
region (10 - 20) K [Figure 1(a)]. Moreover, crystals S1-S3
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FIG. 1. Temperature dependence of the (a) electrical resistiv-
ity, (b) thermopower and (c) thermal conductivity for FeSb2
crystals S1 - S8 with different defect content (see text).
have clear weak (semi)metallic resistivity in 60 K to 300
K temperature region. Low-temperature thermopower S
shows large variation [Fig. 1(b)]; |S| maxima change by
several orders of magnitude from S1 (14 µV/K) to S8
(20 mV/K). Figure 1(c) shows thermal conductivity κ
vs temperature for samples S1-S8. The κ increase more
than 8 times from S1 to S8 which reflects the increase
scattering of phonons and the decrease of the phonon
mean free path [24].
Thermally activated resistivity above 50 K [Figure
1(a)] stems from the intrinsic energy gap consistent with
the electronic structure calculations; however the re-
sistivity shoulder in the region of Smax around 10 K
is a fingerprint of the defect-induced in-gap impurity
states[23, 25, 26]. Recently proposed physical mecha-
nism of colossal thermoelectricity in FeSb2 links the in-
gap states to phonon-drag effect [18, 23]. The effects
of defects in scattering the phonons and decreasing the
phonon-drag effect are discussed in the supplemental ma-
terial. Although defect-induced in-gap states are nec-
essary to the large Seebeck coefficient through phonon-
drag effect, excessive defects is harmful to achieve this
lrage Seebeck coefficient. The magnetoresistance (MR)
changes in FeSb2 should arise only in the temperature
range where the in-gap band provides dominant contri-
bution to electronic transport; a single in-gap band gives
only one peak in MR [23]. In agreement with previous
observation [25], MR in high-thermopower crystals S6
and S8 shows one peak associated with a well-defined
in-gap state [Figure 2(a)]. This is in contrast with MR
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FIG. 2. (a) Magnetoresistance of low- (S1, S3) and high-
thermopower samples (S6, S8). (b) Comparison of magnetic
susceptibility of S3 and S8. (c) Low-temperature χ(T ) of S3
shows clear sign of Fe impurities. (d) Low-temperature heat
capacity for crystals S1-S8.
in low-thermopower crystals S1 and S3 where broad MR
is observed, consistent with a rather broad distribution
of multiple in-gap states [23]. Another important obser-
vation is that the driver of colossal thermopower-related
in-gap states is unlikely to be in Fe-rich Fe1+xSb2−x as
postulated in Ref. 20. High thermopower crystal S8
shows the absence of the Curie tail in contrast to low-
thermopower crystal S3 [Fig. 2(b)]. By fitting the tail of
S3 using the Curie law χave = χ0+C/T [Fig. 2(c)], con-
centration of excess Fe is about 4 atomic percents. The
in-gap states emerge from different cause, as we show
below.
Figure 2(d) shows heat capacity of S1-S8 crystals. We
observe a general trend of the slope change associated
with Debye temperature. In general, vacancy forma-
tion energy is related to Debye temperature: TD =
C
E
1/2
V
M1/2Ω1/3
, where C is a constant, Ev is the vacancy
formation energy, M and Ω are atomic mass and volume
[27, 28]. Low vacancy formation energy is consistent with
higher number of vacancies for low thermopower crystals
(e.g. S1) when compared to high thermopower crystals
(e.g. S8). Results are summarized in Table S1 [24].
To shed light on the vacancy defects we performed high
resolution scanning transmission electron microscopy
(STEM) with a high angle annular dark field (HAADF)
detector as its contrast is proportional to Z1.7 along the
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FIG. 3. Atomic defects in FeSb2 and weak crystal structure distortion. (a,b) STEM-HAADF image of low thermopower crystal
S3 (a) viewed along Pnnm [100] direction and high thermopower crystal S8 viewed along Pnnm [001] direction (b). The insets
are the magnified images from area I and II in (a) [area IV and V in (b)] with the Pnnm [100] in (a) [Pnnm [001] projection
in (b)] projection of the structure embedded. Scale bar 2 nm. The contrast is approximately proportional to Z1.7 along the
atomic column, thus the dots with strong and weak contrast correspond to Sb and Fe column, respectively. Red and green
spheres represent Sb and Fe, respectively. (c,d) Sb peak intensity maps refined from (a) and (b), respectively. Each square
represents a Sb column with intensity increasing in black-blue-green-orange-yellow-white order. The insets are magnified maps
from area II-V. Note, the smooth Sb peak intensity oscillation from top to bottom in (b) and (d) could be attributed to thickness
variation. (e-g) Synchrotron X-ray diffraction scans of high thermopower crystal. Pnnm-forbidden peak is observed at [100]
wavevector (f), about 3 orders of magnitude weaker than nearby Bragg peaks. Pnnm (h,i) and Pm (j,k) unit cell refinements
obtained in single crystal neutron diffraction experiment on low thermopower crystal, confirming structural distortion in both
low- and high-thermopower material. (l) Pm unit cell of FeSb2 induced by atomic defects. Central octahedral atom Fe (dark)
is surrounded by Sb (light); see also Figure S1. The defects are preferably on Sb11 atomic sites (white arrow-marked light
balls).
atom column, where Z is the atomic number. Figures
3 (a,b) show the STEM-HAADF images taken from low
thermopower S3 and high thermopower S8 samples, re-
spectively. The strong and weak dots in the images cor-
respond to Sb and Fe atoms, respectively. The atomic
arrangement in the images is consistent with the FeSb2
structure with Pnnm symmetry, as shown in the insets
where the atomic projections are embedded in the magni-
fied image. Due to the Z-contrast nature of the STEM-
HAADF image, the peak intensity of each dot can be
used to count the atoms along the column [29]. Higher
peak intensity indicates more atoms along the column,
while weaker peak intensity indicates less atoms, thus
more vacancies along the column. It is seen that the peak
intensity of Fe is quite uniform in the S8 [Fig. 3(b)], indi-
cating the relative uniform distribution of Fe. However,
the peak intensity of Fe varies in S3, e.g. there are less Fe
in area I than that in area II, as shown in the magnified
image in the insets of Figure 3(a). We also observe Sb
intensity variation, indicating the variation of Sb occu-
pancies. The Sb occupancies or vacancies can be better
resolved by refining each Sb column peak with the second
order polynomial function. Fig. 3(c,d) shows the peak
intensity maps of Sb for S3 and S8, respectively. There
are four Sb atoms in a FeSb2 unit cell. In sample S3,
the Sb peak intensity is the same in some area [inset III
in Fig. 3(c)], consistent with the Pnnm symmetry. In
the other area, however, the Sb peak intensity changes
periodically, and orders along Pnnm [010] direction, as
shown in the inset II in Fig. 3(c), where two Sb peaks (or-
ange squares) are stronger than the other two Sb (green
squares) within the unit cell. This indicates the ordering
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FIG. 4. (a) Different arrangements of two Sb vacancies in the
supercell and their energetics. The arrangement consistent
with the Pm space group has the lowest energy, in agreement
with experiment. Projected density of states for (b) one and
(c) two Sb vacancies. Notice that the antimony vacancy gives
rise to an iron impurity band.
of Sb vacancies and reduction of the Pnnm symmetry
in this area. In [100] projection orange and red spheres
represent high and low Sb occupancy, embedded in the
inset II. The size of the phase separation clusters with
Sb vacancy ordering is about a few nanometers. These
clusters are similar to the nanoprecipitates observed in
PbTe-AgSbTe2 system [30, 31]. They induce additional
phonon scattering, thus reduce the thermal conductivity
and phonon mean free path of S3. For crystal S8, the Sb
vacancy ordering is observed in nearly all locations and
also along [010] direction. In area IV [Fig. 3(d)], two
Sb peaks (orange) are stronger than the other two Sb
(red). While in the area V, one Sb peak (yellow square)
is stronger than the other three Sb (orange squares).
Sb vacancy ordering results in a Pnnm-forbidden peak
observed in single crystal synchrotron X-ray diffraction
[Figure 3(e-g)], consistent with weak structural distor-
tion observed in neutron diffraction measurements [Fig-
ure 3 (h-k)]. Neutron diffraction shows presence of weak
(h,0,l), h + l = odd and (0,k,l), k + l = odd type Bragg re-
flections, which are forbidden in Pnnm crystal structure
previously refined for the stoichiometric FeSb2 [9, 10, 32].
The presence of these forbidden reflections hints that the
symmetry of the crystal lattice is lower. Comprehensive
structural refinement [Figure 4(h-k), Tables S2-S5 [24]]
indicate that one of the two Sb sites, which are equivalent
in Pnnm space group shows displacive monoclinic distor-
tions and site deficiency. This induces very subtle change
in the structural symmetry (Pnnm→Pm), making two
Sb sites inequivalent, i. e. Sb1 site is fully occupied while
Sb11 site contains substantial number of vacancies that
do not change with temperature [Fig. 3 (l)]. We find that
the Sb11 site is 0.82(2) occupied while both Fe sites are
0.94(2) occupied; the chemical vacancies do not change
with temperature whereas intensity of Pnnm-forbidden
peaks at 300 K is 2/3 of that at 5 K [24].
The Pnnm FeSb6 octahedra are edge-sharing along
the shortest lattice parameter 3.194 A˚. Closer inspection
of Pm unit cell shows that the Sb11 atomic sites labeled
with arrows [Fig. S1] are also separated by the lattice pa-
rameter length 3.194 A˚ along the edge-sharing octahedral
direction. However, weak metallic conductivity at high
temperature for low thermopower crystals [Figure 1(a)]
is along the orthogonal, 6.536 A˚ lattice parameter direc-
tion where distance of Sb11 to Fe is shorter [b-direction
in Fig. 3(l), see also Fig. S1] [9, 24, 33]. This is consis-
tent with TEM-observed vacancy order direction [Figure
3 (a-d)] and quasi 1D conductivity in optics [20, 34]. It
should be noted that occupancy of Fe d orbital (dn) trans-
lates into different unit cell parameter along the d orbital
overlap. Higher (lower) occupancy corresponds to larger
(shorter) unit cell parameter [35, 36]. Detailed compar-
ison of sample S3 and S8 crystallography by laboratory
single crystal X-ray diffraction shows longer b lattice pa-
rameter in low thermopower sample S3 (Table S6 [24]),
implying differences in Fe d orbital occupation. A picture
emerges where Sb11 vacancies create Fe-derived conduct-
ing in-gap states due to short Fe-Sb11 hopping distance
(Fig. S1 [24]). Low vacancy formation energy, i.e. higher
vacancy content in low-thermopower crystals such as S3
[Fig. 2(d)], promotes stronger quasi 1D Fe d orbital over-
lap due to the absence of Sb along [010], weak metallicity
and metal-insulator transition [12]. As we show below,
first-principle calculations support this scenario.
GW+DMFT calculations show that bands associated
with quasi 1D dispersion along 6.536 A˚ are Fe-derived:
bottom of the conduction band is dominated by Fe xy
orbital whereas top of the valence bands is dominated by
Fe xz/yz bands [20]. First-principle calculation results
[Fig. 4(a)] confirm that structure distortion to Pm space
group is energetically favorable in Sb-defficient Pnnm
FeSb2 unit cell. However, the Sb vacancies also induce Fe
dangling bonds that might influence electronic structure
though conducting impurity band at the Fermi level for
high Sb defect concentration.
To explore how Sb vacancy and its ratio affect the elec-
tronic structure of FeSb2, we studied two cases of Sb va-
cancy ratios: one and two Sb vacancies in a 2 × 2 ×
3 super-cell of FeSb2. To simulate the experimental sit-
uation, we only consider Sb vacancies at the Sb11 site.
Hence, Sb vacancies for both cases occupy the Sb11 site
only, and they correspond to 91.7 and 83.3 % of Sb11 oc-
5cupancy, respectively, where the case of two Sb vacancies
is close to the experimental Sb11 occupancy, 82 % at T
= 300 K. For the case of one Sb vacancy, there is only
one symmetrically non-equivalent configuration for intro-
ducing one Sb vacancy at the Sb11 site in the 2 × 2 × 3
super-cell. On the other hand, for the case of two Sb va-
cancies, there are 7 symmetrically non-equivalent config-
urations. We have considered all of the 7 configurations
and found that two Sb vacancies is the configuration that
is the most energetically stable [Fig. 4(a)]. From now on,
we only focus on the most stable configuration for each
Sb vacancy ratio.
Figure 4(b) shows the density of states (DOS) of the
most stable configurations for both Sb vacancy ratios.
The Sb vacancies give rise to Fe dangling bonds that lead
to metallic impurity bands at the Fermi level. The impu-
rity bands have a dominant d-orbital character of Fe pos-
sessing the dangling bonds. We would like to note that
the DFT calculation with the modified Becke-Johnson
(mBJ) exchange potential method gives a clear bulk gap
of ∼0.25 eV in FeSb2 without any vacancies. As depicted
in Fig. 4(b), the case of two Sb vacancies shows broader
bandwidth of the metallic impurity band than that of
one Sb vacancy, indicating that as the Sb vacancy ratio
increases, the metallic impurity band is more dispersive.
The case of one Sb vacancy does not show the quasi-1D
conductivity. Therefore, we conclude that larger Sb va-
cancy content induces more anisotropy in the electronic
structure and triggers the quasi-1D conductivity.
Now, we turn our attention into thermoelectric power
of FeSb2. In the experiment, the maximum value of ther-
moelectric power decreases as the energy of vacancy for-
mation is lowered, i.e. with higher number of vacan-
cies [Fig. 1(a), Fig. 2(d)]. This is consistent with a
two-band model study with an ionized impurity donor
state [37]; the maximum value of thermoelectric power
decreases as the impurity concentration increases. Hence
the increased Sb vacancies decline thermoelectric power,
in agreement with experiment. On the other hand we
note that the presence of some small number of Sb va-
cancies is necessary for creation of in-gap states impor-
tant in phonon drag [Fig. 2(a,d)], Fig. 3(a,b), Fig. 4
[16–18, 23].
In summary, we have examined FeSb2 crystals with dif-
ferent amount of Sb crystal lattice defects. The defects
induce rather weak distortion of the unit cell symmetry
that has profound effect on the thermoelectricity due to
creation of the in-gap states with Fe 3d orbital charac-
ter. Giant thermopower arises in the delicate balance of
electronic diffusion associated with Sb defect-induced in-
gap states with Fe d orbital character and phonon drag
of such states to colossal values. The drag is efficient
only for a small number of such states, which must be
sufficient to create in-gap states and increase the ther-
mopower over high (1-2) mV/K diffusion values and at
the same time not be overwhelming since superabundant
defects reduce both diffusion [37] and phonon-drag via
additional phonon scattering (Fig. 3). This reveals a
subtle interplay of phonon and electronic diffusion mech-
anisms and points to crystallographic origin of relevant
materials physics that could be exploited in predictive
thermoelectric materials design.
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